In the present work, dynamic stress-strain response of compact basalt is tested under high loading rates using 38 mm split Hopkinson pressure bar (SHPB) device. The physical and static mechanical properties of compact basalt, e.g., density, specific gravity, static compressive strength and elastic modulus values are also determined. Petrological studies of compact basalt are carried out through X-ray diffraction (XRD) test and scanning electron microscope (SEM) test. In the SHPB tests, it is observed from the stress-strain response that the dynamic peak stress increases with increasing strain rate however the elastic modulus is nearly constant with increase in strain rate. Dynamic force equilibrium at the incident and transmission bar ends of the rock samples is attained in all tests till the failure of the rock samples. Dynamic increase factor (DIF) for the rock is determined at a particular strain rate by comparing the dynamic to static peak compressive stress. Correlation equation for dynamic strength increase factor with respect to strain rate has been proposed herein.
Introduction
The Deccan trap region formed due to the lava flow in the Mesozoic era covers nearly 20% land area of India. Many major underground tunneling projects are currently underway in this region for southern Indian railways where drilling and blasting activities take place on a regular basis. The region also houses major hydropower projects and underground mining industries. Any natural or manmade hazard in this region may prove to be disastrous causing significant losses to Indian economy and mankind. The loads caused by hazardous events like earthquake and blast are highly transient in nature generating high strain rates in rock. The strain rate caused by blast may reach up to 10 4 /s [1, 2] which in turn affects both the stiffness and the strength properties of the rocks. Thus, for sustainable design of infrastructure in the Deccan trap region, it becomes necessary to characterize the rocks under static and dynamic loading conditions.
In the recent past, various scientists and researchers have conducted dynamic compression test on rocks and soils by using split Hopkinson pressure bar (SHPB) and dynamic triaxial tests [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The dynamic strength and fracture properties of Dresser basalt are studied by [5] through uniaxial and triaxial compression tests with radial confining pressure values varying from 0 MPa to 689.47 MPa for strain rates from 10 −4 /s to 10 3 /s and temperatures from 80 K to 1400 K. They observed a strong dependence of the fracture strength of rock on both temperature and rate of deformation. The energy absorptions in two different rocks, i.e. Bohus granite and Solenhofen limestone are studied by [6] and observed that the energy absorbed by the rocks increases markedly when the applied load reaches the critical value of 1.8 and 1.3 times the static compressive strength for Bohus granite and Solenhofen limestone, respectively. Dynamic triaxial compression test was performed by [7] at strain rates from 10 −2 /s to 10/s for charcoal granodiorite up to a confining pressure of 0.45 GPa, for Berea sandstone and Indiana limestone up to a confining pressure of 0.25 GPa. They concluded that the differential stress at failure was relatively constant up to a strain rate of 1/s, however, increased when the strain rate was higher than 1/s. [10] conducted dynamic uniaxial compressive test on Bukit Timah granite in Singapore at four different loading rates (10 0 MPa/s, 10 1 MPa/s, 10 3 MPa/s and 10 5 MPa/s). It was concluded from the tests that for each log scale increase in loading rate, the compressive strength of the rock increases by 15% and there were small changes in elastic modulus and Poisson's ratio values. The dynamic stress-strain response of Bukit Timah granite loaded at a medium strain rate of 20/s-60/s using SHPB is reported by [13] . It was observed from the results that the dynamic fracture strength of the granite is directly proportional to the cube root of strain rate whereas the elastic modulus remains unchanged with increasing strain rate. It may be summarized from the literature review that dynamic compressive strength test of rocks using SHPB have been carried out on different rock types, e.g., granite, Barre granite, basalt, volcanic tuff, Kawazu tuff, red sandstone, Indiana limestone, porphyritic tonalite, oil shale, granodiorite, coal, kidney stone, Tennessee marble and Akyoshi marble up to 2000/s strain rate [15] and strain rate has significant effect on the mechanical behavior of rocks but till date, no SHPB tests are performed on rocks from Deccan trap region of the Indian subcontinent.
The objectives of the present work are to characterize an igneous rock from the Deccan trap region i.e. compact basalt under strain rate dependent loading. The compact basalt rock blocks are collected from Koyna Dam, Satara, Maharashtra project site, India. The rock samples have been tested for both physical and mechanical properties. Figure 1 shows a typical schematic diagram of the compression SHPB test setup. The SHPB in the Rel Inc. laboratory in Calumet, Michigan is designed and manufactured by the Rel Inc. group. The setup comprises of an incident bar, a transmission bar and striker bars of different sizes. The bars are made up of C300 maraging steel with yield strength 300,000 psi (2068.4 MPa). The incident bar length is 2.59 m and diameter is 38.1 mm. The transmission bar length is 2.43 m and diameter is 38.1 mm. The dimensions of the incident and the transmission bars allow one-dimensional loading of the sample. In the present work, four different lengths of striker bars are used, e.g., 139.7 mm, 228.6 mm, 304.8 mm, and 558.6 mm; the diameter of striker bar is 38.1 mm. The striker bar is propelled by a compressed air gas gun at varying pressure magnitudes which generate stress waves inside the striker bar. The striker bar hits the impact end of the incident bar and remains in contact till the stress wave travels from one end of the striker bar to the other end. The compressive stress wave upon reaching the other free end of the striker bar gets reflected back as a tensile wave. As a result, the contact between the striker bar and the incident bar is lost. The time duration taken by the stress wave to travel from one end of the striker bar to the other end is the total loading time of the sample given by
SHPB Test Setup
where, Ls is the length of the striker bar and cbar is one-dimensional longitudinal stress wave velocity in the bar. Thus, using longer striker bar increases the loading time and the rock sample gets time to respond. As a result, lower strain rate develops when longer striker bar is used. For smaller striker bars, the time taken by the stress wave to propagate from one end to the other end of the bar is less and hence the loading time duration is also less for the same amount of the load intensity which results in higher strain rate. The strains in the incident and the transmission bars are measured using two strain gauges, one mounted on the incident bar and the other mounted on the transmission bar. In order to read the strain signal, Vishay 2310B signal conditioner and amplifier with ¼ Wheatstone bridge have been used with a Picoscope5242 having sampling rate of 1 in 8 nanoseconds. The basic equations of stress, strain and strain rate generated in the sample upon loading van be found in [17] . In the Rel Inc. SHPB system, SurePulse program is used for automatic loading and firing of the striker bar. The velocity of the striker bar is also recorded automatically using the SurePulse program and fiber optic speed sensors with a response time of 1 μs. Also, the SurePulse program has been used for data processing, e.g., obtaining stress-strain plots, strain and strain rate time histories, force equilibrium at the interfaces of the incident bar-sample and the transmission bar-sample. From these plots, peak stress, average strain rate, dynamic elastic modulus, strain at peak stress, force equilibrium and effect of pulse shapers are studied. 
Results and Discussion

Physical Properties
The physical properties of the rocks are presented in Table 1 . The dry density value of compact basalt is determined for five samples and the average value is taken to be 2927 kg/m 3 . The specific gravity values of compact basalt is estimated to be 2.89. The density and specific gravity values of compact basalt is compared with the available data from the literature and observed to be well in agreement [18, 19] . 
Results of Petrological Studies
Figures 2a,b present the SEM images, and the XRD graphs. It is observed in the SEM images that the grains are crystalline in structure. The quartz grains can be identified from the SEM images as white spots. Now, the mineral content of the rock specimens is confirmed by the XRD graphs. The mineralogy of basalt is ascertained to be calcic plagioclase feldspar with augite of pyroxene group, olivine, amphibole, magnetite, quartz, and hornblende. The XRD graphs of compact basalt is compared with the available data from the literature and observed to be well in agreement [20] . 
Static Uniaxial Compressive Strength
The rock specimens are prepared and tested by following ASTM and ISRM standards [22, 23] for evaluating the static uniaxial compressive strength. The rock specimens were tested at 0.001/s strain rate to determine the uniaxial compressive strength. The tests on each type of rock are repeated three times and the average strength values are presented in Table 1 . The static uniaxial compressive strength of compact basalt is found to be 58.58 MPa. The elastic modulus from the stress-strain graph at 50% of peak stress value is calculated to be 24.00 GPa [24] . The static uniaxial compressive strength of the tested rock is compared with the available data from the literature and observed to be well in agreement [19, 20] .
Stress-Strain Response for Compact Basalt
The dynamic tests are conducted on compact basalt with total 15 number of rock specimens. The specimens prepared with 38 mm diameter and slenderness ratio of 0.5 and tested by following ISRM suggested methods [24] . The incident and transmission waveforms for compact basalt is shown in Figure 3 . The post processing of the waveforms is done to obtain the stress-strain response of the rock specimens tested following [17] . The stress-strain response curves for compact basalt are obtained from SHPB tests for different strain rates varying from 41.31/s to 475.59/s and are shown in Figure 3 . The pressure is varied from 25 psi to 60 psi with varying striker bar length generating strain rates from 41.31/s to 475.59/s in the rock samples. The dynamic properties of the rock specimens for compact basalt e.g., peak stress, dynamic elastic modulus, the strain at peak stress, and dynamic increase factor at different strain rates generated by varying pressure in the gas gun, velocity of the striker bar, and pulse shaper are presented in Table 2 . It is observed from the test results that the peak stress increases by almost 39% from strain rate 41.31/s to 186.7/s and by 31% from strain rate 186.7/s to 457.59/s. The dynamic elastic modulus is calculated at 50% of the peak stress value. It is seen from Table 2 that the dynamic elastic modulus of compact basalt is nearly constant to an average value of 32.57 GPa for the strain rate range tested herein. Moreover, it is observed that the dynamic elastic modulus is similar to the static elastic modulus. Hence, it can be concluded that the peak stress is sensitive to strain rate whereas the elastic modulus is not sensitive to strain rate. 
Dynamic Increase Factor and Proposed Correlation Equation
The dynamic increase factors (DIF) have been determined by comparing the dynamic peak stress with the static peak stress.
The DIF values of the tested rock specimens are reported in Table 2 . The DIF values are also plotted in Figure 4 for compact basalt. It may be seen from Table 2 that the dynamic compressive strength of compact basalt is 4.14 to 7.52 times that of the static compressive strength for strain rates varying from 41.31/s to 475.59/s. The correlation equation for compact basalt with a coefficient of determination (R 2 ) = 0.84 is presented in Figure 4 and given by   /sec 59 . 57 4 ε 41.31/sec for 2.12 ε 3.65log
It may be noted that the DIF equation proposed herein will be applicable for the strain rate ranges considered in the current work. The DIF correlation thus developed for the given strain rate range can be used as a material model in the dynamic analysis of underground structures and in blast-resistant designs.
Conclusions
In the present study, the following conclusions are drawn from the high strain rate characterization of an igneous rocks e.g., compact basalt using uniaxial compressive SHPB device. The peak stress increases by almost 39% from strain rate 41.31/s to 186.7/s and by 31% from strain rate 186.7/s to 457.59/s. The dynamic elastic modulus of compact basalt is nearly constant to an average value of 32.57 GPa for the strain rate range tested herein which is similar to the static elastic modulus. The dynamic compressive strength is 4.14 to 7.52 times that of the static compressive strength for strain rates range tested and the correlation equation proposed for compact basalt is given by   
